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A B S T R A C T 
This work aims at a deeper understanding of the energy loss phenomenon in polysilicon production 
reactors by the so-called Siemens process. Contributions to the energy consumption of the polysilicon 
deposition step are studied in this paper, focusing on the radiation heat loss phenomenon. A theoretical 
model for radiation heat loss calculations is experimentally validated with the help of a laboratory CVD 
prototype. Following the results of the model, relevant parameters that directly affect the amount of 
radiation heat losses are put forward. Numerical results of the model applied to a state-of-the-art 
industrial reactor show the influence of these parameters on energy consumption due to radiation per 
kilogram of silicon produced; the radiation heat loss can be reduced by 3.8% when the reactor inner wall 
radius is reduced from 0.78 to 0.70 m, by 25% when the wall emissivity is reduced from 0.5 to 0.3, and by 
12% when the final rod diameter is increased from 12 to 15 cm. 
1. Introduction 
In the last years the polysilicon market has experienced a 
turbulent stage in which Photovoltaics (PV) has by far surpassed 
Microelectronics as the main consumer [1], Driven by the expo-
nential growth of PV, first the industry suffered a silicon shortage. 
Once the efforts of many players gave place to new capacity being 
installed, the scenario quickly changed to that of oversupply. Prices 
have fallen dramatically, putting pressure on those who cannot 
deliver the most competitive technology. Notwithstanding, the 
growth foreseen for PV in the future implies the need for new 
capacity in the medium term and polysilicon prices are forecasted 
to become stable in the next years [2,3], 
In this context, it is important for polysilicon producers to 
reduce production costs and thereby allow themselves to make 
their way into polysilicon production tier 1. Furthermore, the 
polysilicon cost impacts significantly on the total cost of PV and 
on the energy payback time [4,5]; this feedstock is responsible for 
one-third and one-fourth of the final PV module cost and for 28% 
of the total energy payback time [6], Due to the fact that 
specifications for PV polysilicon, called solar grade silicon (SoG 
Si), can be relaxed as compared to those for microelectronics, 
process simplifications and innovations can be implemented, 
leading to cost reductions. 
The currently favoured means of obtaining polycrystalline SoG 
Si is via the chemical route, which leads to high quality polysilicon. 
The chemical route, in particular the so-called Siemens process, 
consists in polysilicon deposition by chemical vapour deposition 
(CVD) from trichlorosilane (TCS) [7], It comprises first the trans-
formation from the metallurgical silicon (MG Si) to TCS and other 
by-products, and second the TCS decomposition into high purity 
silicon. Overall energy consumption for a polysilicon plant has 
been reduced in the last years, from around 90-140 kWh/kg for 
large capacity plants [8,9] to something in the range of 70 kWh/kg 
for last generation plants [10], The largest contributor towards this 
is the second step (the CVD process itself), with an estimated 
consumption in the best case in the range of 45-50 kWh/kg. 
Several solutions are proposed to reduce this high energy use, 
such as recycling gaseous by-products or heat recovery. 
This paper is centred in the second step of the Siemens process: 
the polysilicon CVD. It presents empirical results with a laboratory 
scale Siemens prototype through which we validate a theoretical 
radiation heat loss model developed in our institute. Thus, on the 
basis of this model, the key parameters involved in radiation heat 
savings are identified. 
2. Important factors for energy consumption 
A deep knowledge of the CVD process involves jointly studying 
polysilicon deposition conditions (fluid dynamic theory), radiation 
heat emitted by the hot silicon rods (radiation heat transfer 
theory), electrical heating of the rods (electromagnetic theory) and 
chemical reactions. 
In industry, the TCS decomposition or CVD of polysilicon is 
conducted in a reactor chamber of 10-16 m3. Inside the reactor 
chamber, a number of inverse U-shape polysilicon rods are placed. 
These U-shape rods are heated by the Joule effect to around 
1100 °C in a Hydrogen and TCS atmosphere. A surface reaction 
occurs resulting in high purity silicon deposition, which causes the 
U-shape rods' diameter to increase with time. 
The typical batch time of a CVD process in industry is 80-100 h 
divided in three steps: heating, deposition and cooling down. 
Almost all the energy is consumed during the deposition step: 
cooling down requires negligible energy consumption and the 
heating time is typically less than 1 h. 
Contributions to the high energy consumption of the polysili-
con CVD are heat loss due to radiation, convection, thermal 
conduction and heat consumed due to the chemical reactions 
taking place. Of these, the major contributors are radiation and 
convection heat loss. 
Focusing on the deposition step, the polysilicon deposition rate 
and hence the growth of the rod diameter is very slow: in the 
order of microns per minute. Thus, at each instant in the process, 
the system can be considered to be in the steady state. Then, the 
power supplied instantly must compensate for radiation and 
convection heat loss and the heat consumed by the chemical 
reaction. 
Radiation heat loss for industrial Siemens reactors becomes the 
greatest percentage of the total energy consumed: 60-75% 
(assuming that all the energy radiated by the rods towards the 
reactor wall is wasted). Convection heat loss is between 23.5 and 
38.5% and the heat consumption due to the chemical reaction 
sums up to 1.5% [11]. These figures indicate the importance of a 
reliable tool allowing research on radiation heat savings. 
2.2. Theoretical model for radiation heat loss 
A theoretical model for radiation heat loss calculations has 
been developed in our institute. It was presented and described in 
detail in [12], and it has been applied to three different reactor 
configurations in [13]. Here, the theoretical model is briefly 
reviewed. 
The energy radiated by the rods towards the reactor wall is 
mainly dependent on the emissivity of the rods and the wall, their 
corresponding temperature and, finally, on the geometries and the 
geometrical arrangement of the rods inside the reactor chamber. 
In addition, the rate of outgoing radiant heat per unit area from 
the rods, called radiosity, is the sum of the directly emitted radiation 
heat flux and the reflected portion of the incoming radiant heat flux 
(which is determined by the surface reflectivity). This is sketched 
in Fig. 1. The fraction of radiative heat flux leaving a certain surface 
that arrives to another is determined by the geometrical factors, 
which are defined in [14]. 
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Fig. 1. Outgoing radiant heat per unit area from the surface (radiosity). 
Once the material properties, the geometrical arrangement, the 
surface temperatures and the incoming and directly emitted 
radiant heat flux are known, the net heat flux exchanged by a 
certain surface area in watts is calculated. This corresponds to the 
radiation heat loss by this surface. 
For a single rod placed in the reactor chamber, all heat radiated 
from the rod arrives at the reactor wall which is maintained at a 
constant temperature due to water cooling; it absorbs the radia-
tion heat partially and some small part is reflected back. The wall 
also directly emits radiation heat flux, although this is much lower 
than the rods due to the material and the temperature. This small 
amount, plus the reflected part from the incoming flux, not only 
reaches the rod surface but also the reactor inner wall. In addition, 
as the diameter of the rod increases, a higher percentage of the 
radiosity of the wall reaches the rod; therefore, the radiation heat 
loss per unit area decreases throughout the deposition process. 
For configurations with more than one rod, each rod is 
additionally heated by the incoming radiosity from the other rods. 
Both a higher number of rods in the reactor chamber and a more 
compact arrangement lead to lower radiation heat loss. Again, for 
these configurations, as the diameter of the rods increases, the 
radiation heat loss per unit area does the opposite. This tendency 
is steeper as the number of rods considered and the 
compactness grow. 
3. Research through a laboratory scale reactor 
Research on SoG Si through the chemical route using an 
industrial scale CVD reactor is very costly in time and money. 
Thus, a laboratory scale reactor allows this research to be carried 
out in a more affordable way, provided extrapolation of results to 
the industrial scale can be clearly justified. 
At the Instituto de Energía Solar (IES), there is an in-house-made 
CVD prototype with which all working conditions (except the 
pressure inside the reactor chamber) of the industrial Siemens 
process can be reproduced. The prototype reactor admits a small 
number of single silicon rods instead of the typical U-rod shape 
used at the industry scale. The reactor's chamber is a stainless steel 
cylinder—upright placed; gases are introduced from the bottom of 
the reactor's chamber and the outlet is placed at the top. The rods 
are electrically connected - series connection - to two copper 
electrodes placed at the bottom and top of the reactor chamber. In 
Fig. 2 a sketch of the prototype is shown. Rods' temperature is 
monitored by a two-color pyrometer through a sapphire peep-
hole placed at middle-height of the rods. The temperature is 
considered to be homogeneous in length considering that the 
rods' diameter and boundary conditions in length are homoge-
neous. Gas temperature is measured at the inlet and outlet of the 
reactor's chamber by thermocouples. Also, the temperature of the 
inside wall is measured by thermocouples. All the system is water 
cooled. Last, inlet and outlet gas composition is analysed by means 
of mass spectrometer. Deposition processes with the prototype are 
conducted at a constant pressure of 1 bar, around 6 times lower 
than the typical industrial value. Equations that link together the 
pressure inside the reactor chamber and the main parameters 
involved in the process are known, making the extrapolation 
straightforward [15]. 
From the experiments conducted with the prototype reactor, in 
particular for a 9 h deposition process on a single rod at 1150 °C, 
the percentage of the total energy consumption that corresponds 
to the heating is 3.2%. The remaining 96.8% is consumed during 
the deposition step. The longer the deposition process, the longer 
the deposition step relative to the heating step. Scaling-up to an 
industrial Siemens process, the energy consumed during the 
heating step can be disregarded. In any case, we would expect 
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Fig. 2. CVD laboratory prototype at the IES. 
any improvement in radiation heat loss during the deposition step 
to also reduce heat loss in the heating step. 
Radiation heat loss for the laboratory scale reactor is respon-
sible for around half of the total energy consumed. For example, 
for a 9 h deposition process conducted at 1150 °C, radiation heat 
loss is responsible for 47% of the total energy consumption, 
convection heat loss for 52.5%, and the chemical reaction for 
barely 0.5%. 
The corresponding percentages for industrial scale reactors -
shown in the previous section - will change due to the pressure 
effect. The convection heat loss is directly related with this 
parameter; the higher the pressure inside the reactor chamber, 
the lower the convection heat loss. Therefore, for the extrapolation 
of the percentages of radiation and convection heat loss from the 
laboratory scale to the industrial one, process pressure differences 
must be considered. 
to 0.5 and 0.7, respectively. Besides, all numerical results corre-
spond to the particular CVD prototype geometry. 
Convection heat loss can be calculated from experimental data 
after the deposition process ends. The power lost instantly by 
convection depends on inlet and outlet gas temperatures, the heat 
capacity at constant pressure of the gases and the mass exchange 
between the inlet and outlet. The power consumed due to the 
chemical reactions taking place is calculated knowing the reaction 
enthalpy, the solid silicon density and the silicon growth rate [11 ]. 
The total power consumption is known by means of the power 
supplied by a three-phase transformer. 
The chemical reaction and convection heat loss calculated are 
subtracted from the measured power consumption, resulting in 
the radiation heat loss. For the two different configurations, this 
subtraction is compared with the theoretical calculations for 
radiation heat loss. 
In Fig. 3, the different configurations reproduced in the labora-
tory reactor are sketched. Due to functional requirements, the two 
configurations differ in both the length of the rods and their initial 
and final diameters. This does not present a problem, since the 
purpose of this experiment is to validate the model and not to 
make comparisons between different configurations. 
4.1. Single rod configuration 
The crosses in Fig. 4 show the measured radiation heat loss as a 
function of the rod diameter over the course of a single experi-
ment. The solid line shows the respective values predicted using 
the model. The deposition time shown is around 5 h, the initial rod 
Fig. 3. Configurations reproduced with the CVD prototype. One single rod (1) and 
four rod (2) configurations. 
4. Experimental results for model validation 
Two different configurations with one and four rods were 
reproduced with the prototype reactor to validate the 
theoretical model. 
In the experiments conducted with the prototype, the power 
consumption is measured throughout the process. The following 
are monitored: the temperature of the rods and the wall, inlet and 
outlet gas composition, the inlet and outlet gas temperatures and 
the temperature of the gases inside the reactor chamber. The only 
variables that change appreciably during the process are the 
surface temperature of the rods and the temperature of the gases 
inside the reactor chamber. The former greatly affects the power 
consumption and the latter increases with time due to the 
increase of the radiating area. Therefore, for the results hereunder 
presented, the real values of the two most relevant parameters: 
the temperature of the rods' surface and the gasses, are consid-
ered. The reactor wall and rods' emissivities are known and equal 
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Fig. 4. Radiation heat loss measured (crosses) and theoretical (solid line) for one 
single rod. 
diameter is 0.74 cm, the length of the rod is 53 cm and the 
temperature of the rod surface is kept between 1130 and 1180 °C. 
Good agreement is observed between the measured and pre-
dicted values. The power supplied changes in short steps and not 
steadily because of the control algorithm, provoking the oscillations 
that can be observed in Fig. 4, which correspond to temperature 
oscillations in the rod. These oscillations are in the worst case under 
2.5%. In terms of power per unit area, the maximum difference 
between the theoretical calculations and the experimental mea-
surement is 8.3%. The difference between the values averaged over 
the deposition process is under 1%. The average radiation heat loss 
per unit area measured is 1.564 x 105 W/m2 and the theoretical 
model predicts 1.551 x 105 W/m2: a difference of 0.5%. 
4.2. Four rod configuration 
In Fig. 5, the measured and predicted results for the four rod 
configuration are presented as before. The deposition time is 
around 7 h and the temperature of the rods' surface is kept 
between 1145 and 1185 °C. No deviation in temperature is 
expected between the four rods due to the symmetry of the 
arrangement. The initial diameter of the rods is 0.17 cm and the 
length of the rods is 12 cm; notice that both dimensions are lower 
than in the previous experiment. Depending on the rods' position 
inside the reactor chamber, power loss through radiation changes 
[13]. In this case each rod is placed at the corner of a 2 x 6 cm side 
rectangle. This disposition is chosen due to electrical needs but if 
one disposition with shorter- and longer-distance between the 
rods was selected, the radiation power loss would decrease or 
increase, consequently with the change of the geometrical factors. 
For this configuration, both curves represented in Fig. 5 are 
again quite close. The maximum differences between the theore-
tical calculations and the experimental ones are 16.3%. The 
difference between the values averaged over the deposition 
process is about 3.8%. The average measured radiation heat loss 
per unit area along the deposition process is 1.731 x 105 W/m2, 
compared to 1.668 x 105 W/m2 for the theoretical model: a 3.6% 
difference. 
5. Discussion 
From all the results presented above, the theoretical model can 
be considered empirically validated. For both configurations, 
deviation between measured and theoretical results is under the 
measurement error. 
For the model validation through the laboratory scale prototype 
it is not necessary to reach the relevant rods' diameters at industry 
because the accuracy of the theoretical model does not change 
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Fig. 5. Radiation heat loss measured (crosses) and theoretical (solid line) for 4 rods. 
with the rods' diameter. An experiment of several hours is 
sufficient to see that the diameter growth adheres to the trend 
of the theoretical model. 
Experimental measurements are in watts per square meter - W/ 
m2- thus, we compare those numbers for two different configurations 
and the theoretical model results. Absolute numbers as kilowatts-hour 
per kilogram of silicon - kWh/kg - obtained with the laboratory 
prototype are several times higher than those at the industry due to 
the bad compactness of the configuration design (it is not possible to 
improve it due to electrical power needs, among others) and the 
process pressure, which is 6 times lower than in industry. 
6. Extension to industrial scale reactors 
In this section, the validated model is used to predict the 
radiation heat loss for industrial scale reactors. Different config-
urations and parameter variations are explored. We consider a 
typical 36 rod industrial Siemens reactor with a fixed geometrical 
arrangement and investigate separately the effect of changing the 
wall emissivity, the reactor inner wall radius and the rod surface 
temperature. Numerical results for a 36 rod industrial reactor 
shown correspond to a Siemens reactor at our disposal for 
research purposes in a near future. 
In Fig. 6, the radiation heat loss per rod for different wall 
emissivities (ew) is represented. The reactor's wall is made of 
stainless steel, whose emissivity is around 0.5. Due to process 
contamination or previous polishing, reactor's wall emissivities of 
0.7 and 0.3 can be measured. Reducing the emissivity of the wall 
from 0.7 to 0.5, the radiation heat loss decreases by 20%; this 
reduction is 45% for a wall emissivity of 0.3. Absolute specific 
numbers as kWh/kg of silicon are related with the polysilicon 
growth rate, which depends on rods' temperature, pressure and 
inlet gas composition among other parameters. Fixing a growth 
rate of 8 ^m/min the energy consumed due to radiation is 25.6, 
38.0 and 47.9 kWh/kg for wall emissivities of 0.3, 0.5 and 0.7, 
respectively. Likewise, for a fixed growth rate of 12 ^m/min the 
energy consumed is 18.6, 25.4 and 34.9 kWh/kg. 
A similar but less pronounced effect occurs when the reactor 
wall is placed closer to or further from the rods. In Fig. 7, the 
radiation heat loss per rod for different wall radii (Rw) is shown. 
For the curves presented below, the emissivity of the reactor wall 
is considered constant and equal to 0.5. 
If the reactor inner wall radius is displaced from 0.78 to 0.74 m, 
the radiation heat loss decreases by 1.8%; when the wall radius is 
0.70 m this reduction becomes 3.8%. Fixing a growth rate of 
8 pm/min the energy consumed is 37.1, 38.0 and 38.6 kWh/kg 
for inner wall radii of 0.70, 0.74 and 0.78 m, respectively. Also, for a 
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Fig. 6. Radiation heat loss per rod for a 36 rod industrial reactor and different wall 
emissivities. 
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Fig. 7. Radiation heat loss per rod for a 36 rod industrial reactor and different 
wall radii. 
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Fig. 8. Radiation heat loss per rod for a 36 rod industrial reactor and different rod 
surface temperatures. 
fixed growth rate of 12 ^m/min the energy consumed is 25.4, 27.0 
and 28.1 kWh/kg. 
So far in this section, all the curves presented consider a 
constant rod surface temperature of 1150 °C. Higher rods' tem-
perature leads to higher deposition rates, and at the same time 
higher temperature leads to higher energy consumption. In 
industry is typical an average deposition temperature of the rods 
surface around 1100 °C, while the theoretical temperature that 
minimises the kWh/kg of Si is around 1150 °C. The reason to 
consider more conservative temperatures is to avoid the appear-
ance of what is known as popcorn [16]. 
In a typical industrial reactor, the deviation in temperature 
between the different rods is minimised by controlling the power 
supplied to different concentric rings of rods separately [7]. Here 
we assume that all rods have the same temperature. In Fig. 8, for a 
constant wall emissivity of 0.5 and wall radius of 0.74 m, the 
radiation heat loss per rod for different rod surface temperatures 
(Trod) is shown. Decreasing the rod surface temperature from 1150 
to 1100 °C, the radiation heat loss decreases by 13.4%; this 
reduction is 25.4% when the rod surface temperature is 1050 °C. 
Fixing a growth rate of 8 ^m/min, the energy consumed is 28.3, 
32.8 and 38.0 kWh/kg for rods' temperatures of 1050, 1100 and 
1150 °C, respectively. For a fixed growth rate of 12^m/min the 
energy consumed is 20.3, 23.9 and 25.4 kWh/kg. 
For all configurations presented in this paper, as the rod diameter 
increases the radiation heat loss per unit area decreases. Consequently, 
in energy terms, a CVD process with higher initial and final rod 
diameters (higher compactness) is cheaper. However, this requires 
substantially more raw material and also leads to wastage of the 
production capacity of each reactor. For example, increasing the initial 
rod diameter from 0.7 to 4 cm reduces the Si production by 10%, but 
also reduces the radiation heat loss by 45%. When the initial rod 
diameter is increased to 7 cm the Si production is reduced by 30%, and 
the radiation heat loss is reduced by 70%. However, the bigger initial 
rod radius implies that the material at the beginning of each run is 33 
times greater in the first case, 100 times greater in the second. 
The same phenomenon leads to lower radiation heat loss if the 
initial rod diameter is kept constant but the final rod diameter is 
increased. If the deposition process ends when the rod diameter is 
15 cm instead of 12 cm, the radiation heat loss is increased by 4.2%, 
but the silicon production is increased by 56%. 
Prior to its validation, this model was applied to calculation of 
the radiation heat losses for three state-of-the-art industrial size 
reactor configurations [12]. The amount of radiation heat loss per 
rod during a CVD process for the case of 48 rod reactor was 10% 
lower than in the case of 36 rod reactor, and 20% in the case of 60 
rod reactor. These previous results are consistent with the ones 
presented in this work: the radiation heat loss savings are 
obtained due to the increase of the reactor compactness. Differ-
ences between the industrial scale results, for the 36 rods reactor 
presented in this paper and the former ones, are due to differences 
in compactness of both reactors. In Ref. [12] the base plate of the 
36 rods reactor considered allows a final rod diameter of 18-20 cm 
while for the present case, the maximum rod diameter of the rods 
is barely above 13 cm. Furthermore, the former paper presented 
the strong influence that the wall emissivity has on the radiative 
power loss, but does not investigate other important parameters 
for a fixed industrial reactor, as discussed above in this section. 
7. Conclusion 
In this paper, experimental and theoretical work on the basis of 
a theoretical model for radiation heat loss is presented. Through a 
CVD laboratory scale prototype, this radiation model is validated. 
The model arises as an important tool to deepen understanding of 
the radiation heat loss phenomenon. 
Numerical results for a 36 rod industrial Siemens reactor are 
shown. Design compactness and wall material properties clearly 
influence the radiation heat loss. On this line, the highest possible 
compactness and materials with low emissivities - high reflectivities 
- are desired. Nevertheless, to look for low emissivity materials to be 
used as the reactor wall, not only structural constrains exist, but also 
polysilicon contamination susceptibility must be considered. 
In addition, heat loss through radiation is higher for higher rod 
surface temperatures. A typical value for industrial processes is average 
rod surface temperatures around 1100 °C. This value is chosen as a 
compromise between a higher polysilicon deposition ratio and lower 
power consumption. Higher temperatures lead to faster growth of the 
rod diameter. Thus, decreasing the rod temperature during the 
deposition, although lowering the power consumption, lengthens 
the CVD process. The target figure is to minimise the final energy 
consumed per kilogram of polysilicon produced. 
In short, thanks to this model, it has been put forward that 
radiation heat loss has a great dependence on the rod's surface 
temperature. Moreover, the key to diminishing the radiation heat 
loss, for a fixed rod temperature, is to decrease the reactor wall 
emissivities and to increase the design compactness. 
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